INTRODUCTION
The application of convulsant drugs to slices of the mature neocortex results in paroxysmal events that readily spread throughout the tissue (Chervin et al. 1988; Prince and Connors 1986) . When recorded intracellular^, these paroxysmal events are characterized by large membrane depolarizations up to 500 ms in duration that give rise to burstlike discharges of action potentials (Gutnick et During early postnatal development, the pattern of convulsant-induced epileptiform activity is age dependent Swann and Brady 1984) . From postnatal day (PN) 0-5, immature neocortex and hippocampus are both incapable of generating PDS-like events comparable with those observed in mature tissue. In contrast, during the 2nd and 3rd wk of development, application of convulsants to neocortical or hippocampal slices leads to the occurrence of spontaneous and evoked epileptiform discharges that are enhanced compared with those observed in slices obtained from mature animals. These ictal-like discharges, lasting 5-10 s, consist of repetitive bursts accompanied by unusually large increases in the extracellular potassium activity (Hablitz and Heinemann 1987) . Intracellular recordings have indicated that this epileptiform activity is due to a sustained synaptic input involving both NMDA and non-NMDA receptor-mediated components (Lee and Hablitz 1991b) . Little is known, however, about the spread of epi- The spread of epileptiform in the cortex has typically been investigated with the use of conventional electrophysiological techniques. Linear arrays of microelectrodes and subsequent current source density (CSD) analysis have been used to study laminar spread of epileptiform activity in vivo (Barth et al. 1990 ) and in vitro (Connors 1984) . In both cases, epileptiform activity displayed a constant pattern of vertical spread through the neocortex. From the in vivo experiments (Barth et al. 1990 ), it was concluded that epileptiform activity is triggered in the supragranular layers, whereas the in vitro studies show (Connors 1984 ) that a population of bursting cells located in layer IV-V is responsible for the generation and synchronization of epileptiform activity. This discrepancy might be partly due to the lack of afferent fiber input in neocortical slices. In the adult neocortex the horizontal spread of epileptiform activity is controlled by GABA-mediated inhibition, and small reductions in inhibition result in a large increase in the spread of excitation (Chagnac-Amitai and Connors 1989a). Furthermore, the velocity of horizontal propagation of epileptiform discharges across the cortical mantle shows regional variability (Chervin et al. 1988 ). This periodicity might be related to variations in the length or density of horizontal excitatory connections.
Although these studies provided basic insights into the mechanisms of spread of epileptiform activity, the interpretation of their results is hampered by technical limitations. With the use of multiple microelectrodes, relatively few points can be used to study vertical and lateral spread. Linear electrode arrays provide the possibility to record simultaneously from a larger number of points in the tissue but have been used principally to study spread in the vertical direction. An alternative approach is the use of voltage-sensitive dyes to study the spatiotemporal distribution of epileptiform activity. Albowitz et al. (1990) performed optical recordings of voltage changes associated with epileptiform discharges in neocortical slices from adult animals. The spatiotemporal distribution of epileptiform discharges was independent of the convulsant applied, and epileptiform activity appeared to be generated in supragranular layers. Horizontal spread of activity was slower than in the vertical spread. Similar studies have not been performed in the developing brain.
Initial studies of initiation and propagation of epileptiform activity in the immature neocortex indicated that spontaneous events can arise from multiple areas and, once initiated, spread to adjacent cortical regions Wong and Prince 1990 ). However, the exact mechanisms involved in spread of activity and the patterns of spread are unclear. In the present study, we have used voltage-sensitive dyes and optical recording techniques to study the characteristics of the spatiotemporal distribution of epileptiform activity in the immature neocortex. Preliminary accounts of some of these findings have appeared (Sutor et al. 1992 (Sutor et al. , 1993 .
METHODS
Experiments were performed on brain slices prepared from the frontal cortex of 3-to 40-day-old Wistar rats. The procedure for slice preparation was similar to the method described previously (Sutor and Hablitz 1989a) . In brief, the animals were anesthetized with ether and decapitated. The brain was removed and stored for 30-60 s in ice-cold saline. Slices with a nominal thickness of 500 j*m were made with the use of a Vibroslice (Campden Instruments, UK). The slices were stored in oxygenated saline at room temperature for at least 1 h. Individual slices were transferred to the recording chamber where they were kept submerged between two nylon meshes and perfused with artificial cerebrospinal fluid (ACSF). The ACSF consisted of (in mM) 125 NaCl, 3 KCl, 2 CaCl2,1.5 MgCl2,1.25 NaH2P04,25 NaHC03, and 10r>glucose. The solution was continuously gassed with a mixture of 95% 02-5% C02, resulting in a pH of 7.4 at a recording temperature of 31-32°C
A concentric bipolar stimulating electrode positioned at defined points within the scanning area (see below) was used to evoke normal and epileptiform activity. Threshold intensity was defined as the minimum stimulus strength necessary to evoke epileptiform activity with a constant latency. The stimulus duration was set to 50 ^s, and the maximal stimulus frequency was 1 per 2 min. To monitor the viability of the slices, extracellular recordings were routinely performed with the use of glass microelectrodes filled with 1 M NaCl. Intracellular recordings were made by means of microelectrodes filled with 3 M KCl. Epileptiform activity was induced by bath application of bicuculline methiodide (3-10 fiM) or Picrotoxin (50 ^M). The convulsants were applied 30-50 min before recording commenced. Tetrodotoxin (TTX), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and r>2-amino-5-phosphonovaleric acid (APV) were added to the saline. To monitor spontaneous activity, the electrophysiologically recorded signals were displayed continuously on a chart recorder.
For measurement of activity-dependent optical signals, the slices were stained with the voltage-dependent fluorescent dye (N-(3 -(triethylammonium) propyl) -4-(4-(p-diethylaminophenyl) butadienyl)pyridinium, dibromide (RH 414) (Grinvald et al. 1988 ). Staining of the slices was performed by recirculating perfusion of the slices for 1 h with saline containing 30 ßM RH 414. After this staining period, excess dye was washed out with normal saline for at least 30 min. Activity-dependent changes in fluorescence were detected with the use of a laser scanning microscope (Hiendl 1992 ). The experimental setup consisted of a recording chamber placed on the stage of an inverted microscope. Fluorescence was elicited by exciting the dye with light from a krypton laser (Innova 90 K, Coherent, Palo Alto, CA; wavelength: 530.9 nm). The emitted light was guided through a 590-nm cutoff filter and measured with the use of a single photodiode. A computercontrolled shutter was used to ensure that the laser light did not reach the preparation between measurements, thereby reducing toxic effects of the dye and errors due to dye bleaching. The optical signals were amplified with a DC coupled amplifier (bandwidth: 0-80 kHz) and stored on a computer. To compensate for slight instabilities in the laser output, a small part of the light from the laser beam (<5%) was directed onto a second (reference) photodiode by means of a dichroic mirror. The signal determined by the first photodiode was then divided by that obtained with the reference diode, thus correcting for any instabilities. Effects due to bleaching of the dye were corrected for by measurements taken in the absence of stimulation. The traces with evoked activity were then divided by these correction curves. All optical signals represent percent changes in fluorescence. In all figures a decrease in fluorescence is plotted as an upward deflection. As evaluated from simultaneously recorded field potentials, optical measurements could be performed for at least 2 h without significant deterioration of neuronal activity.
In these experiments 20 optical recording sites (channels) were arranged within a 1 X 1 mm area of the neocortex as shown in For analysis of evoked activity, two to three optically recorded sweeps were averaged, and the following parameters were determined: 1) latency to response onset (i.e., the time from stimulation to the 1st deviation from the baseline that exceeded 1 SD of the noise); 2) time-to-peak; 3) amplitude; and 4) rate of rise (the fastest rate of rise of the response was approximated by linear regression and is given in units of %s _I ). Results are expressed as mean ± SE. Statistical analysis was performed with the use of unpaired 2-tailed /-tests or an analysis of variance (ANOVA) for repeated measures.
RESULTS

Optical measurements of epileptiform activity
Recordings were obtained from neocortical slices of 31 immature rats between PN 3 and PN 30 and from slices of 12 adult animals (>30 days). Initial experiments were performed to validate the use of voltage-sensitive dyes to study the spread of epileptiform activity in the immature neocortex. In all experiments, extracellular field potential recordings indicated that the application of bicuculline or Picrotoxin resulted in the induction of epileptiform activity. In stained slices, electrical stimulation evoked epileptiform field potentials ( Fig. 2A) , which were similar to those obtained in slices not stained with RH 414 (Fig. 2C) , indicating that the dye did not alter the tissue's ability to generate epileptiform activity. The time course and amplitude of the epileptiform field potentials were also similar in stained and unstained slices. Figure 2D shows an intracellular recording from a PN 20 animal. In the presence of 10 pM bicuculline, electrical stimulation in layer IV evoked a PDS. The epileptiform field potential depicted in Fig. 2C was obtained immediately after withdrawal of the electrode from the cell. Simultaneous extracellular and optical recordings (Fig. 2, A and B) revealed that epileptiform field potentials were accompanied by decreases in fluorescence (Fig. 2B) 1 OA) in all slices tested (n= 18). These results suggest that optical signals accurately assess the neuronal activity responsible for epileptiform activity in the immature brain.
Characteristics of optically recorded epileptiform activity in slices from adult rats
An example of optical signals associated with evoked epileptiform activity in an adult slice is shown in Fig. 4 . Stimulation occurred near point 10 within the scanning area, and the recording sites were arranged as shown in Fig. 1 . A characteristic feature of optically recorded epileptiform activity in adult animals was that dye signals were observed at all recording sites. The shortest latency of response was invariably measured at the site of stimulation. Starting from this point, the activity spread rapidly in both horizontal and vertical directions. The mean velocity of spread in the vertical direction was significantly faster (0.131 ± 0.028 ms" 1 , mean ± SE, n = 6) than that in the horizontal plane (0.078 ± 0.023 ms" 1 , n = 6, P < 0.02). The amplitudes of the signals were smaller in the deeper cortical layers and increased by 19 ± 8% (n = 7) with spread to more superficial regions of the neocortex (Fig. 4) . Similarly, the rate of rise of the signals increased from 4.5 ± 2.0% s" 1 to 18.2 ± 6.9% s" 1 (n = 6) with spread from deeper to superficial layers of the cortex. The difference between these two values was statistically significant (P < 0.01). This spatially dependent increase in rate of rise resulted in a constant time-to-peak of the signals, despite an increasing response latency (Fig. 4) . The changes in the rate of rise with spread of activity from lower to upper layers was not specific for this age group, 50 ms being observed at all stages of development (see Figs. 102? and 12A).
Spread of epileptiform activity in slices from immature animals
PN 3-9. Previous work in the immature neocortex has shown that during the first postnatal week the threshold for evoking normal synaptic activity is high (Burgard and Hablitz 1993) and that epileptiform activity is difficult to evoke or absent ). In the present study, paroxysmal activity was absent or only weakly expressed in slices from animals in the PN 3-9 group. Figure 5 shows simultaneous optical recordings of neuronal activity from 19 different points in a slice from a PN 7 animal. In the presence of 10 nM bicuculline, stimulation at point 20 (i.e., in lower layers of the cortex) evoked detectable activity predominantly in the upper cortical layers. The stimulus intensities necessary to elicit these responses were two to three times larger than those used in older rats. The epileptiform activity observed in this age group could be blocked by the non-NMDA receptor antagonist CNQX (5-10 vM,n = 3) or by TTX (0.6 fiM, n = 2). PN 10-19. Within the developmental period from PN 10 to 19, convulsant-induced epileptiform activity was recorded at all measurement points. As described previously by using extra-and intracellular recording techniques, activity in this age group consists of an initial PDS followed by a sustained depolarization with multiple superimposed late PDSs ). An example of an optical recording of such activity in a slice from a PN 18 animal is shown in to be increased by 78 ± 34% as compared with those observed in deeper layers.
The optically recorded responses observed in the PN 10-19 age group resembled those described previously with the use of intracellular recordings . After a fast rising initial response, the signals declined but did not reach the baseline (Fig. 6) . Instead, an additional decrease in fluorescence appeared, indicating that another depolarizing event had occurred. This sequence could repeat itself several times and last for 5-10 s, as could be seen from the simultaneous extracellular recordings. It was apparent that recording sites distal to the stimulation electrode showed longer delays between subsequent peaks. Moreover, a sustained response component present in points 16-20 became less prominent at distal sites (Fig. 6, compare points  16-20 to points 1-5) .
To quantify the spread of activity, measurements of latency to onset were determined for two different peaks in the response (denoted 1. and 3. in the signal recorded at point 11 in Fig. 6 ) and plotted as a function of the recording site. Figure 7 , A and B, shows the results from an experiment performed in a slice from a PN 12 rat. The latency to onset of the initial response was shortest near the site of stimulation (Fig. 1 A, point 20) and increased with distance from point 20, both vertically and horizontally. For analysis of the second peak in the response, the site with the shortest initial latency was assigned a latency of zero, and signals recorded at the other points are described in terms of latencies relative to this site. It can be seen that, for the second response, the shortest latency was observed at point 5, and the relative latencies were prolonged with increasing distance from this point, suggesting that activity originated at point 5 (Fig. IB). Figure 7 , C and Z), presents similar data from a recording in a PN 18 animal (Fig. 6) . Activity was evoked by a stimulus near point 20, and the shortest latency response was observed at that site. In this case the shortest latency of the third peak in the optical signal was chosen for analysis and found to be at site 16. Starting from this point, the activity spread throughout the scanning area. These results suggest that the long-lasting epileptiform responses observed in the PN 10-19 age group are due to the superimposition of repetitive PDSs that are generated at multiple sites in the neocortex.
A principal feature of the PN 10-19 age group was the frequent (1-3/min) occurrence of spontaneous epileptiform discharges. Figure %A shows an example of spontaneous discharges recorded in a slice from a PN 12 animal in the presence of bicuculline. Similar to evoked activity, the amplitude and rate of rise of the spontaneous signals were larger in the upper layers compared with those in lower layers. The responses labeled 1 and 2 in the top trace were chosen for latency analysis. According to the latency measurements of peak 1 (Fig. 85) , the activity started at point 10 and was detectable within the whole scanning area. Activity spread in both medial and lateral directions but appeared more synchronous in the lateral direction (note similarity of onset latencies at sites 16-20). However, spread was more rapid in the medial direction as indicated by the shorter latencies. The analysis of the latencies of the second peak in the response again indicated a more rapid spread in PNI 2 first response PNI 8 first response third response the medial direction but a greater synchronization across the depths of the cortex in the lateral direction (Fig. 8C) . PN 20-29. When compared with the age group PN 10-19, bicuculline-or picrotoxin-induced epileptiform activity observed in slice from 20-to 29-day-old rats displayed qualitatively similar characteristics. The main differences between these two age groups were smaller signal amplitudes and rates of rise in the older animals (see below). Especially, the frequency of spontaneous epileptiform events decreased to ~ 1 per 2 min. However, because spontaneous activity was almost absent in slices from adult rats, the PN 20-29 age group could be clearly distinguished from mature animals.
Developmental changes in optical signals
To compare epileptiform activity in different age groups, the mean amplitude and rate of rise in upper and lower layers of the cortex was determined. This was done by averaging responses at sites 5, 10, 15, and 20 (bottom layers), and sites 1,6, 11, and 16 (top layers). The resulting values were then plotted as a function of age (Fig. 9) . It can be seen that epileptiform activity was absent or poorly expressed in the youngest age group (PN 3-9) . Furthermore, the strongest expression of bicuculline-or picrotoxin-induced epileptiform activity was observed in the age group of PN 10-19. At this postnatal age, the response amplitudes detected in the top cortical layers were about twice as large as those recorded from slices of adult rats (Fig. 9 A) . The signal amplitudes observed in the bottom layers were always smaller than those recorded in superficial layers, and there was no significant developmental change of these amplitudes (Fig.  9 A) . In the age group PN 10-19, the rate of rise of signals APV (Fig. 10, B and C) , suggesting that this NMDA-mediated activity contributes more to the late components of the epileptiform responses without significantly influencing the initial time course of the signal (see superimposed signals in Fig. 10^4) . However, the spatial distribution of the rate of rise values remained unaffected in the presence of APV. The rate of rise of this NMDA-mediated component increased with spread from bottom to top layers (Fig. 10C) .
After the application of the non-NMDA receptor antagonist CNQX (5-10 ^M), evoked epileptiform activity was suppressed when threshold intensity stimulation was used (Fig. 11, A and B) . Upon an increase in stimulus strength to 2-4 times threshold intensity, optical signals could be recorded, even in the presence of CNQX (Fig. 11C) . Such activity was subsequently blocked by APV application (Fig.  WD) . Similar to the results obtained above by subtraction, the rate of rise of this NMDA-mediated component was found reduced compared with control values (Fig. 12, A  and B) . However, in contrast to the NMDA component isolated by subtraction (Fig. 10, B and C) , the spatial distribution of the rate of rise values were different from those determined under control conditions (Fig. 12, A and C) and recording site independent. The slow rates of rise resulted in an increase in the measured times-to-peak, particularly in top layers (Fig. 12, B and D) . This is an additional indication that NMDA receptor-mediated potentials contribute to the later parts of PDS discharges. . 2 ).
For the interpretation of optical recordings, it is important to consider that voltage-sensitive dyes monitor different aspects of neuronal activity than intra-or extracellular recordings. Intracellular recordings, in combination with pharmacological and biophysical manipulations, provide precise information concerning changes in membrane and synaptic potentials of individual cells during paroxysmal events. Extracellularly recorded field potentials represent the extracellular current flow resulting from the summated activity of a population of cells. Optical signals also reflect summated activity. However, the observed signal is the outcome of the summation of transmembrane voltage changes at cellular membranes. Each point over which optical measurements were taken covered an area of ^5,026 ^m . When using a slice with a nominal thickness of 500 fim, the resulting volume of tissue contains multiple cellular elements, including dendrites and cell bodies of both neurons and glia, and activity from elements at different depths in the slice will be summated. Because multiple elements contribute to the optical signals, their exact origin is unclear. However, because the optical signals were blocked by TTX, by the non-NMDA receptor antagonist CNQX and by reductions in the extracellular Ca 2+ concentration, it is reasonable to assume that this activity resulted predominantly from depolarizations associated with synaptic events, intrinsic membrane conductances, and glial cells. However, it is not possible to exactly determine the contribution of glial cells to the optical signals. Measurements of changes in extracellular potassium concentration (Hablitz and Heinemann 1987; B. Sutor, unpublished observations), which is the main stimulus for glial depolarization, have shown that these responses reach their maximum after the initial PDS has occurred. Therefore glial cells are not likely to contribute significantly to the peak amplitude or the rate of rise of the signals, i.e., the parameters chosen to quantitatively analyze epileptiform activity.
Because optical signals represent summated activity of a population of cells, response magnitude can be considered as a relative measure of the number of cells involved in the generation of the signal and, indirectly, reflects the degree of synchronization of activity. In addition to neuronal synchrony, the amplitude of the signals depends on the amount of dye bound per membrane area and the density of membranes within the recording area. As pointed out by Albowitz et al. (1990) , membrane density is larger in superficial layers compared with deeper layers. Therefore, if a constant amount of dye bound per membrane area is assumed, the signals in superficial layers could be expected to be inherently larger than those in deeper layers. In fact, such an amplitude distribution has been observed in the present experiments (see Fig. 4 ). However, we believe that differences in membrane densities do not significantly influence the spatial signal amplitude distribution. In a given cortical layer, significantly larger optical signals were observed during early postnatal periods when the overall membrane surface is smaller than in mature tissue (Miller 1988) .
Another parameter indicating the degree of synchronization of a population of neurons is the rate of rise of the optical signals. The rate of rise of extracellularly recorded field EPSPs in the dentate gyrus or in the stratum radiatum of the hippocampus is considered to be an indicator of synaptic strength (Andersen et al. 1978; L0mo 1971) . With increasing stimulus intensity, the rate of rise of the field EPSPs increases, thereby synchronizing the action-potential discharge of the neurons. The rate of rise of the optically recorded epileptiform responses displayed a similar behavior. Because these optical signals reflect the summated activity of a large number of cells, their rate of rise should be useful as a measure of neuronal synchronization.
Ontogenetic changes in optical signals
The results presented show that optical signals display a developmental pattern similar to that reported with the use of electrical recording techniques activity. It appears that a critical number of such connections must be present before the neocortex can display sustained epileptiform activity.
In the age groups older than PN 9, a characteristic pattern of spread of evoked activity was observed. The responses with the shortest latencies invariably occurred at the site of stimulation, and activity spread in both horizontal and vertical directions. In slices from adult animals, the speed of propagation was faster in the vertical than in the horizontal direction. This difference was not observed in slices from PN 10-19 animals. In this age group, the velocity of spread was the same in both directions. This finding might be explained by delayed development of GABAB-mediated postsynaptic inhibition. Fukuda et al. (1993) 
Distribution of NMDA-mediated components of epileptiform activity
Similar to results obtained in electrophysiological experiments, a decrease in the amplitude and duration of optically recorded epileptiform signals was observed after application of the NMDA receptor antagonist APV. When the NMDA-mediated components were isolated, either by subtraction or by application of CNQX, the rates of rise of these components appeared slower than that of the control responses. Therefore it seems unlikely that NMDA receptors contribute significantly to the initial phase of the optically recorded signals. Because the NMDA channels display a current-voltage relationship that is similar to that of regenerative conductances, it can be assumed that NMDA receptors influence the magnitude of epileptiform activity by amplifying the responses. The effects of APV were found to be more pronounced in the upper cortical layers, suggesting that amplification of epileptiform activity may occur predominantly in these layers.
